We have examined the effect of five local anaesthetics (dibucaine, tetracaine, cocaine, lignocaine and procaine) and five phenothiazine tranquillizers (trifluoperazine, fluphenazine, promethazine, chlorpromazine and diphenhydramine) on cell fusion induced by viruses. When used at physiologically relevant concentrations, all drugs significantly inhibited cell fusion without impairing virus replication. It is suggested that these drugs inhibit cell fusion by occupying sites within the plasma membrane which must be vacant in order for membrane fusion to occur. Inhibition of cell fusion by these drugs provides experimental support for the suggestions put forward elsewbere that events in membrane fusion and membrane depolarization are similar.
INTRODUCTION
Membrane fu,fion is of considerable significance in cell biology yet there have been few experimental st'adies concerned directly with this phenomenon (for review see Lucy, I97O; Poste, I97oa; Poste & Allison, I97i) . Virus-induced cell fusion represents a special example of fusion between two membrane systems and provides a useful experimental model for investigating events in membrane fusion. Poste (I97oa, 1972) and Poste & Allison (I97I) proposed that the displacement of calcium ions (Ca 2+) from sites within the plasma membrane is an essential step in cell fusion. These authors proposed that the displacement of membrane Ca 2+ was necessary to produce changes in the packing of the membrane macromolecules involved in fusion and to increase the number of ionic sites available for interaction and linkage with sites in an adjacent membrane. Similar mechanisms have been proposed for the fusion of subcellular membranes. For example, the displacement of membrane Ca 2+ is considered to be an essential step in the secretion process in the wide range of cell types in which the membrane of the secretory granule fuses with the plasma membrane (for review see Stormorken, 1969 ; ' Rubin, I97O) . Furthermore, there are striking parallels between the factors regulating the release and fusion of secretory granules and the factors regulating the depolarization of excitable membranes (Rubin, I97O) . This has led Poste & Allison (I97I) to propose that drugs which inhibit membrane depolarization by alteration of Ca2+-binding should also inhibit membrane and cell fusion. The experimental investigation of this proposal is reported here.
The effect of local anaesthetics and tranquillizers on virus-induced cell fusion has been investigated since these drugs inhibit membrane depolarization by increasing the dissociation of membrane Ca ~+ from their binding sites and by competing with Ca ~+ for the same Squibb, Twickenham; and diphenhydramine HCI (Benadryl) was obtained from Parke, Davis and Co. Ltd., Hounslow.
Both the local anaesthetics and the tranquillizers were obtained as B.P. or U.S.P. purity preparations and were used without further purification.
RESULTS

Effect of local anaesthetics and tranquillizers on virus-induced cell fusion
The dose of local anaesthetics selected for use in experiments was based on the range of 'physiological' values reported as effective in blocking impulse conduction in nerves and similar permeability changes in artificial membrane systems (Table I) . Similarly, the dose range of the tranquillizers for use in the present experiments was based on the effective dose range reported to cause' stabilization' of various cellular and subcellular membranes and to prevent depolarization of excitable membranes (reviews, Seeman, 1966 Seeman, , 1968 Ehrenpreis, 1970) .
When used at a similar dose range (lO -2 to IO -5 M) both local anaesthetics and tranquillizers produced a significant reduction in the cell fusion induced by HSV, BHMV, CDV and NDV. However, high drug concentrations (> IM) induced significant cell damage and lysis. Since both the local anaesthetics and the phenothiazine tranquillizers used here can combine with lipids and nucleic acids (Ehrenpreis, I97O) it was necessary to establish that inhibition of cell fusion by these drugs was not due to a reduction in virus penetration and replication. However, virus infectivities assayed in parallel on drug-treated cells and untreated control 8'2 X I0 s 5"2 X I0 -s I'2 X IO -4 --cells infected under the same conditions, showed no significant differences between the rates or extents of replication of the various viruses. The concentrations of the different local anaesthetics and tranquillizers which produced a 5o ~ reduction in cell fusion without impairing virus replication are shown in Tables 2 and 3 , respectively.
That these drugs inhibit cell fusion via their effects on the cell rather than on the virus is also indicated by results obtained by addition of the drugs at various times after infection.
In the case of cell fusion induced by the present strains of NDV (Reeve et al. I970 and HSV (Falke, I967 ) the virus specific events necessary to induce cell fusion are completed within 2 and 4 hr after infection, respectively. However, at the concentrations given in Tables 2 and 3 the drugs were still able to produce a 5o ~ inhibition of cell fusion without impairment of virus replication if added up to 8 and I4 hr after infection with NDV (strain HERTS) and HSV, respectively.
The various local anaesthetics and tranquillizers also produced a significant reduction in the cell fflsion induced by inactivated Sendai virus (Tables 2 and 3 )-The effective dose and relative potency of the different drugs in inhibiting Sendai virus-induced cell fusion were identical to their effect on fusion induced by infective virus. Also, for infective virus, the inhibition of cell fusion induced by u.v.-inactivated Sendai virus did not result from an effect on the virus particle since virus recovered from drug-treated cell cultures, and virus pre-treated with drug solutions, both induced normal amounts of cell fusion when inoculated on to fresh cell cultures in the absence of drugs.
If, as proposed by Poste & Allison 0970, local anaesthetics and tranquillizers inhibit cell fusion by occupying those plasma membrane sites which are occupied normally by Ca 2+ but which must be vacant for fusion to occur, it should be possible to prevent fusion by any treatment that ensures that these membrane sites are occupied either by Ca 2+ or drug molecules. For example, it should be possible to inhibit cell fusion by cultivation of cells in the presence of a sufficient concentration of calcium to ensure that Ca z+ is available continually to occupy the relevant membrane sites and render them unavailable for the fusion reaction. The effects on virus-induced cell fusion of different concentrations of calcimn ions [ Ca ~+] were therefore tested.
When Ca 2+ was omitted from the medium, the cells Iysed rapidly and observations were only possible for the rapid cell fusion induced by u.v.-inactivated Sendai virus. In addition, it was found impossible to maintain cells for more than 24 hr in medium containing less than ~o -5 M-CaCI2. The results are therefore limited to observations on systems in which significant amounts of cell fusion occurred within 24 hr of infection. The effect of different con- 
DISCUSSION
The present experiments have shown that several local anaesthetics and tranquillizers can inhibit the cell fusion induced by both infective and inactivated viruses. These results support the recent proposals (Poste, I972; Poste & Allison, I971 ) that these drugs should inhibit membrane and cell fusion by occupation of certain membrane sites essential to the fusion reaction. If these drugs act on the membranes of the cells used here in the same way that they affect the membranes of excitable cells (Ehrenpreis, 197o, Ohki, I97O) , erythrocytes (Kwant & Seeman, 1969) and artificial lipid membranes (Hauser & Dawson, 1968; Ohki, I97o; Papahadjopoulos, I97O) , it is reasonable to conclude that the inhibition of cell fusion is due to an effect on the binding of Ca 2+ in the plasma membrane. It is suggested that these drugs displace Ca 2+ from the plasma membrane and occupy the vacant sites. It is considered that under normal conditions of cell fusion Ca z+ is displaced from the plasma membrane immediately before fusion so that ionic sites become available for interaction and linkage with sites in a closely apposed membrane. However, in cells treated with local anaesthetics and tranquillizers these sites are occupied instead by drug molecules and are therefore unavailable for the fusion reaction. That competition occurs between these drugs and Ca ~+ for the same membrane sites is also suggested by the finding that the effectiveness of the drugs to inhibit cell fusion is reduced significantly in the presence of > 5 m-mole CaCI~. G. POSTE AND P. REEVE The capacity of local anaesthetics and phenothiazine tranquillizers to inhibit cell fusion has not been described previously. However, these drugs, and others with similar properties, have been shown to prevent the release and fusion of secretory granule membranes with the plasma membrane (Stormorken, i969; Rubin, I97o) . It is also pertinent to note that the order of the potency of the different local anaesthetics to inhibit cell fusion in the present experiments (dibucaine > tetracaine > cocaine > lignocaine > procaine) is the same as their ability to inhibit depolarization of excitable membranes (Skou, I954a, b, c; Blaustein & Goldman, I966) , to stabilize red blood cell membranes against lysis (Roth & Seeman, I97t) and to retard cation diffusion and displace Ca 2÷ from artificial lipid membranes (Bangham et aL I965; Hauser & Dawson, I968; Ohki, I97O; Papahadjopoulos, t97o) . Similarly, the effectiveness of the various tranquillizers to inhibit cell fusion (trifiuoperazine > fluphenazine > chlorpromazine > promethazine) is identical to that for their potency in displacing Ca 2+ from lipid membranes (Hauser & Dawson, ~968) and in preventing lytic damage to erythrocyte membranes (Seeman & Weinstein, x 966) . Indeed, this similarity between the effect of local anaesthetics and phenothiazine tranquillizers on different cell membranes has led Ehrenpreis 097o) to propose that these drugs bind to an acceptor site common to a wide range of plasma and subcellular membranes. Drugs showing this type of protective activity appear to be lipid soluble and show an aromatic structure with a tertiary nitrogen group.
The ability to displace Ca 2+ from membrane lipid molecules and to occupy the vacant sites is not restricted to the drugs used here. A number of amino acids, cholinergic compounds and other drugs have a similar pharmacological action (Ehrenpreis, I964; Sandow, I965; Feinstein & Painre, I966; Mule, I969) , and it would be of interest to test these drugs for inhibition of cell fusion. In this respect we are investigating the range of psychotomimetic glycolate esters which affect Ca~+-binding in a wide variety of membranes (Rogeness, Krugman & Abood, I966; Abood, ~969) and inhibit the fusion of various secretory granules with the plasma membrane (Stormorken, I969; Rubin, I97o) .
The importance of Ca ~+ in the membrane fusion reaction is shown by the effect of its concentration on cell fusion. Cell fusion induced by either infective or inactivated viruses is Ca2+-dependent although concentrations above Io -2 M produced a significant reduction in fusion. These results confirm previous findings on the effect of different calcium concentrations on fusion induced by inactivated HSV (Tokumaru, I968) and Sendai virus (Okada & Murayama, I966) , the spontaneous fusion of rat myoblasts (Shainberg, Yagil & Yaffe, I969) and the fusion of various secretory granules with the plasma membrane (Rubin, ~97o). Furthermore, in view of the possible parallels between events in membrane fusion and depolarization, it is noteworthy that depolarization of both electrically and chemically excitable membranes is prevented by calcium concentrations identical to those which inhibit fusion (Ritchie & Greengard, I966; Kuperman, Altura & Chezar, i967; Rubin, i97o ). This research was aided by grants from the Agricultural Research Council and Action for the Crippled Child (Polio Research Fund). G.P. was supported by the Cancer Research Campaign and P.R. by the Wellcome Trust. We are grateful to Professor A. P. Waterson for his help and encouragement.
